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Hospital, London, U.K. 
Long-standing chronic severe asthma may be associated with structural changes of both proximal and distal airways. 
To assess these changes, high-resolution computed tomography (CT) using an Imatron Ultrafast CT scanner with 
3 mm thick sections at 10 min intervals was performed at full inspiration. A limited set of CT sections was also 
obtained on full expiration. Twenty-four chronic severe asthmatic patients (age, 47.0+ 2.4 years; FEV,, 
56.5% f 4.1% of predicted) were studied. The scans were assessed independently by two radiologists. While 
concomitant dilatation and thickening of intrapulmonary airways were observed in 12 patients, air trapping as 
assessed by areas of increased lucency on expiratory scans was noted in 20. The mean expiratory-to-inspiratory 
cross-sectional area (Exp/Ins) was 759% f 2.0%, compared with 44.6% f 1.0% in historical non-asthmatic subjects. 
FEV, (% predicted) correlated with Exp/Ins and with CT features of air trapping (both r,=0.60; P<O.OOl) but not 
with airway dilatation or thickening. Our data indicate the presence of peripheral airways obstruction in chronic 
severe asthma, which may be one of the underlying reasons for increased severity of asthma. 
RESPIR. MED. (1998) 92, 448-453 
Background 
Asthma is defined as an airway disease characterized by 
reversible airways obstruction and bronchial hyperrespon- 
siveness (1). More recent studies of the airway immuno- 
pathology of asthma have revealed that there is an 
important chronic inflammatory component characterized 
by cellular infiltration with eosinophils and lymphocytes 
(2), epithelial shedding (3) and subepithelial fibrosis (4) in 
proximal large airways. Extensive inflammatory changes 
have been noted in distal airways, associated with mucus 
plugging and airway obstruction or obliteration, in the 
lungs of patients who have died of acute severe asthma 
($6). Previous physiological studies comparing maximum 
expiratory flow rates while breathing gases of different 
densities have been used to determine the site of airways 
obstruction in asthma and have indicated that distal 
airways obstruction may be important features of some 
chronic asthmatic patients (7,8). 
In order to assess changes in distal airways, we used 
computerized tomography (CT) of the lungs, which has 
been shown to provide a high degree of anatomical detail in 
patients with asthma (9) and other lung diseases (10,ll). We 
focused on a chronic severe group of patients with asthma 
in order to determine whether their intrapulmonary airways 
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were structurally abnormal and whether there was any 
evidence of more peripheral airways obstruction. An 
increased incidence of dilated intrapulmonary airways and 
of increased wall thickness has already been reported on CT 
of patients with asthma, particularly those with more severe 
disease (9,ll). To determine whether there was any evidence 
of peripheral airways obstruction, we obtained high- 
resolution (HR) computed tomograms at total lung capac- 
ity and at residual volume and examined these for evidence 
of airtrapping (12,13). In addition, we have determined 
changes in cross-sectional areas of the lung at these two 
lung volumes. 
Methods 
PATIENTS 
Twenty-four asthmatic patients attending the Royal 
Brompton Hospital Asthma Clinic were recruited. All 
patients gave a history of wheezing with previously docu- 
mented evidence of reversible airways obstruction as 
defined by an increase of 15% or more of FEV, following 
inhalation of 2OOpg salbutamol from a metered-dose 
inhaler or after treatment of an asthma exacerbation. We 
enrolled patients who have needed continuous treatment 
with high doses of inhaled corticosteroid therapy (2OOOpg 
of beclomethasone propionate or 16OOpg budesonide per 
day) for at least 5 yr to control their symptoms. Many 
patients required additional anti-asthma medication such as 
long-acting P-adrenergic agonists or theophylline and oral 
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TABLE 1. Characteristics of asthmatic patients 
Gender Age Duration of FEV, FEV, RVITLC ratio* Treatment 
Number M:F (years) asthma (yr) (1) (% predicted) (“W Aas score? W-Q 
24 1:2 41.0 f 2.4 31.3 f 2.9 1.73 * 0.12 56.5 & 4.1 44.4 * 1.8 4.1 Lt 0.1 4.4 zt 0.2 
Mean f SEM. 
*RV/TLC (residual volume/total lung capacity) x 100%. 
TAccording to (13). 
STreatment step according to British Thoracic Society guidelines for the management of asthma (14). 
corticosteroid therapy taken either regularly or intermit- 
tently for control of exacerbations. The clinical severity of 
their asthma was measured by the Aas score (14) and the 
treatment requirements were quantified by using the treat- 
ment steps of the published guidelines for the treatment of 
chronic asthma (15). All patients had never smoked. 
Patients with any other concomitant chronic illness were 
excluded, particularly those with a history of chronic 
sputum production with infective exacerbations and of 
allergic bronchopulmonary aspergillosis. All patients gave 
informed consent for this study which was approved by the 
Royal Brompton Hospital Ethics Committee. 
HIGH-RESOLUTION COMPUTED 
TOMOGRAPHY 
HRCT scans were performed on full inspiration and at 
end-expiration using an Imatron Ultrafast CT scanner 
(Imatron, San Francisco, CA, U.S.A.). Sections 3 mm thick 
were obtained at 10 mm intervals on full inspiration and at 
30 mm intervals on full expiration. Each scan took 200 ms 
to perform and the breath-holding technique at inspiration 
and expiration was fully rehearsed with each patient prior 
to the performance of the HRCT scans. A high spatial 
resolution reconstruction algorithm was used. Images were 
photographed with lung window settings at the level of 
- 500 Hounsfield units (HU) and a width of 1500 HU. 
HRCT scans were examined by two radiologists with 
particular experience in the interpretation of lung CT scans. 
Intrapulmonary airways were examined and scored accord- 
ing to their degree of bronchial dilatation and bronchial 
wall thickness (16). For the degree of bronchodilatation, the 
airway was compared with the adjacent pulmonary artery. 
Airways that had the same or smaller diameter compared 
with the accompanying vessel were considered as having a 
normal diameter and scored 0. For airways up to 1.5 times 
the diameter of the adjacent vessel, the score was 1; between 
1.5 and 2-fold increase it was 2 and greater than 2-fold was 
3. For bronchial wall thickening, this was also compared 
with that of the adjacent blood vessel. Normal was scored 
0. Wall thickness up to 0.5 times the diameter of the 
adjacent pulmonary artery scored 1, between 0.5 and 1 
times the diameter of the pulmonary artery scored 2 and 
greater than the diameter of the pulmonary artery scored 3. 
The total extent of these changes in the airways for each 
patient was obtained by adding the scores for each of the six 
lobes, giving a 19 point scale (O-18). Air trapping was 
evaluated in each lobe by comparison of the inspiratory and 
expiratory scans and was divided into focal (score of 1) or 
generalized (score of 2). Focal air trapping was defined as 
patchy areas larger than secondary pulmonary lobules (but 
less than 50% of the lobar area) of decreased attenuation on 
expiration with decreased calibre of the vessels. Generalized 
air trapping was defined as decreased attenuation and 
failure to reduce in volume with an associated decrease 
in pulmonary vascular markings. The total extent of 
air-trapping scores was obtained by adding the scores for 
the six lobes (the lingula scored as a separate lobe), giving a 
13-point scale (O-12). 
In order to assess the changes in cross-sectional areas of 
the lung, we measured by planimetry the areas of the right 
and left lungs at three corresponding levels of the lungs 
(upper, middle and lower) on inspiratory and expiratory 
scans. The three levels chosen were at the carina, 1 cm 
above the right hemi-diaphragm and mid-way between the 
two points. The mean value of the changes in the expiratory 
and inspiratory scan areas at each level was determined as 
the percentage of the expiratory area to inspiratory area. 
These were compared to the corresponding values obtained 
from a group of normal subjects as previously published 
(17). 
LUNG FUNCTION TESTS 
Within 2 weeks of the performance of the CT scans, all 
patients underwent lung function tests. Vitalography for 
the measurement of forced expiratory volume in 1 s (FEV,) 
and of forced vital capacity (FVC) and lung volumes (total 
lung capacity, functional residual capacity and residual 
volume) were measured using a body plethysmograph 
(Master Lab, Erich Jaeger U.K. Ltd, Market Harborough, 
U.K.). The predicted values used were those published by 
the European Respiratory Society (18). 
DATA ANALYSIS 
All data are reported as mean & SEM. Interobserver varia- 
bility was quantified as the K coefficient of agreement with a 
K value of 1 .O representing perfect observer agreement (19). 
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PLATE 1. Inspiratory and expiratory high-resolution computed tomograms at comparable levels in two chronic asthmatics. 
The left-hand plates show generalized air trapping with little change in density of the lung parenchyma and in area 
between inspiratory (INSP) and expiratory (EXP) scans. The right hand plates show focal air trapping in all lobes, but is 
more marked in both lower lobes on expiratory (EXP) scans. There is a decrease in the number and size of the blood 
vessels in areas of reduced attenuation, particularly in the left lower lobe. 
A K value greater than 0.40 was taken to indicate fair 
interobserver agreement (20). Correlation between the 
scores for bronchial wall changes and for air trapping 
with indices of lung function was determined using the 
Spearman rank correlation test. A P value of <0.05 was 
considered to be significant. 
Results 
PATIENTS 
The 24 patients recruited in this study had moderately 
severe to severe asthma as indicated by the high Aas scores 
and by the need to use high-dose inhaled steroids together 
with additional anti-asthma therapy to control their asthma 
(Table 1). Twelve patients were on long-term oral steroid 
therapy. Mean FEV, (% predicted) was 56.5 & 4.1 with 22 
out of the 24 patients with an FEV, less than 80%, together 
with a mean RVlTLC ratio of 44.4% & 1.8%. 
INTRAOBSERVER SCORING 
There was an excellent correlation between the two observ- 
ers for the scoring of bronchial dilatation, bronchial thick- 
ening and air trapping on inspiration and on expiration 
with K values of 0.73, 0.78, 0.99 and 0.79 respectively. 
HRCT CHANGES 
One localized area of mucus plugging was observed in two 
patients. 
Airway Abnormalifies 
The scores for bronchodilatation and thickening were 
2.75 f 0.60 and 2.67 f 0.46, respectively, and concomitant 
abnormalities were observed in 12 of the 24 patients. In five 
patients, no abnormalities were observed, while in three 
patients there were only abnormalities of bronchial thick- 
ening and, in another four, only bronchodilatation was 
observed. 
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FIG. 1. Relationship between FEV, (% predicted) and (a) 
the expiratory air-trapping score and (b) the expiratory- 
to-inspiratory area ratio of the lungs on computerized 
tomograms in 24 chronic severe asthmatic patients. There 
was a significant correlation (Spearman rank correlation: 
rs= - 0.60 and - 0.56 with P<O.OOl and co.004 
respectively). 
Air Trapping 
Areas of increased lucency on inspiratory scans were noted 
in six out of 24 scans and on expiratory scans in 20 out of 
24 scans. These scores were 2.0 * 0.81 and 5.8 5 0.88, 
respectively. Plate 1 shows examples of air trapping on two 
patients, one with generalized (Fig. l(a)) and one with focal 
(Fig. l(b)) changes. The mean expiratory-to-inspiratory 
cross-sectional area was 75.9% f 2.0% and was signifi- 
cantly higher than that previously reported in a normal 
non-asthmatic population (44.6% f 1 .O%) (15). 
RELATIONSHIP OF HRCT CHANGES AND 
LUNG FUNCTION 
There was a significant correlation between FEV, (% 
predicted) and the RV/TLC ratio and the changes in 
cross-sectional areas on HRCT scan (rs= - 0.61 and - 0.56 
with P<O.OOl and 0.004 respectively). In addition, FEV, (% 
predicted) was significantly correlated with the air trapping 
on expiratory scans (r,= - 0.60, BO.001; Fig. 1) but not 
with the degree of bronchial dilatation or bronchial wall 
thickening. There was no correlation between the scores of 
bronchial dilatation or bronchial thickening with the air- 
trapping scores. The air-trapping scores of expiratory scans 
correlated significantly with the expiratory-to-inspiratory 
scan area (r,=0.60, P<O.OOl). 
Discussion 
This study shows that, in a group of severe asthmatic 
patients, intrapulmonary airway abnormalities of bronchial 
dilatation and bronchial thickening can be observed in up 
to 50% of patients, as has been previously reported (9). 
However, a greater number of patients showed evidence of 
air trapping, sometimes generalized, on expiratory scans. 
The interobserver variability in the identification of these 
abnormalities was excellent. The degree of air trapping, 
together with the reduction in cross-sectional area on 
expiration, correlated well with FEV,, indicating that these 
abnormalities could be underlying the severity of asthma. 
These abnormalities also represent radiological evidence for 
distal airways obstruction in asthma. In contrast, changes 
in bronchial dilatation and wall thickening were not 
significantly correlated with FEV,. 
Areas of decreased attenuation of the lung parenchyma 
due to air trapping are more conspicuous on CT scans 
obtained during expiration in patients with emphysema (21) 
or with small-airways disease (22). The features that indi- 
cate air trapping include a lack of change in the appearance 
of the areas of decreased attenuation compared with an 
increase in attenuation and an accompanying increase in 
calibre of pulmonary vessels in normal lung parenchyma. 
This does not usually occur in healthy individuals (23) but, 
in a smaller number of normal individuals, regional inho- 
mogeneity in lung attenuation has been reported on 
dynamic CT scans on expiration (24). More recent studies 
of patients with bronchiectasis have reported areas of 
decreased attenuation on expiratory CT scans particularly 
in lobes without overt bronchiectasis, which suggests that 
small-airway disease may precede the development of 
bronchiectasis (11). Measurement of the changes in cross- 
sectional area between full inspiration and expiration also 
provides an overall measure of the degree of air trapping. 
Normal individuals reduce their cross-sectional area by 
approximately 55% on full expiration (15) while, in the 
asthmatic patients, reduction was only 24%. This finding 
also indicates the severity of air trapping observed in our 
study. 
The significance of these radiological findings in terms of 
the pathogenesis and natural history of asthma remains 
unclear. It is possible that the extent of the distal airways 
obstruction is a feature of severe asthma. In the study of 
Lynch and colleagues (21), a less severe group of 48 
asthmatics with a mean FEV, (% predicted) of 64% was 
studied with full inspiratory CT scans. Ten patients show- 
ing patchy (n=7) or diffuse (n=3) area of hyperlucencies, 
which could represent air trapping, but no expiratory CT 
scans were performed. In a more recent study, the same 
group has reported that expiratory computed tomography 
is useful to assess air trapping in asthmatic patients and that 
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the degree of air trapping was significantly correlated 
to airflow limitation as measured by FEV, and residual 
volume (25) in agreement with our study. 
The development of persistent airflow obstruction 
observed in some asthmatics (26) leading to poor reversibil- 
ity of airways obstruction (‘fixed asthma’) particularly with 
a long history of the disease (27) may be indicative of the 
development of distal airways disease. Obstructive changes 
in the small airways of asthmatics may be more slowly 
reversible than those in the large airways (28-30). Increased 
inflammatory wall infiltrate, oedema and airway smooth 
muscle have been described in small airways of patients 
with asthma (31,32). It is unclear how reversible the distal 
airways obstruction of asthma is under anti-inflammatory 
or bronchodilator treatment, but such information may 
provide clues as to whether this is due to obliterative 
bronchiolitis or airway inflammation or airway smooth 
muscle constriction. There was only minimal evidence of 
mucus plugging on the CT scans of our patients. 
Because distal airways of patients with asthma are not 
readily accessible for study both from the pathological and 
the physiological points of view, use of HRCT lung scan 
may provide a non-invasive method of assessing distal 
airways. Using this technique, the role of distal airways 
obstruction in determining the severity of asthma and the 
reversibility or non-reversibility of these changes with anti- 
inflammatory therapy can be resolved. Our studies also 
indicate the need to study further the underlying pathology 
of the distal airways obstruction in chronic severe asthma. 
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